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The probability of achieving and maintaining sterility of
an unmanped spacecraft with various suggested procedures 1s examined
in detail, as sre alternative techniques for evoliding bicicpiceal
contamination of the planets. The required degree of assurince against
cont&min&ﬁicn of Mars, Venus, and the Moon with Earth orgarisms 15
slso considered. For Yars landers and orbiters, steri}izetion of the
spacecraft or capsule by dry heat, vith no subsequent access, 1is
found to be desirsble. For the present, sterilizetion of Venus landers
still scems desirasble. For Mars flyoys, and for Venus orbiters and
flybys , control of the trajectory to hold down the chance of
unintentionally entering the plenctary stmosphere appears the method
of choice. For the Moon, sterilization appears unnecessary, but
microbial counts should be kept lovw. sterilization jowers spacecralt
and system reliability. It reduces the chance of launching within
periods fixed by astrononical construintsg, and increases costs. The
gein which should be achieved through spacecraft sberilization, in
return s§x$igﬁific$nt piological information about the plapets, must
be balenced sgainst thnese losses. In yuﬁgiaéga@,@
failure of a_spacecr&fi to TuifTiil its wmission; L

such failure is incremsed by sterilization.

#ope work described heruin represents one phase Of research
R s@anaare& by the stioral anronsuties apd Bpacn ﬁum}uhat,u*iaa s
%?“”?% gontract ﬁ&ﬂ'? 100} The views expressed are hose of the auLhor.




There is general agreement, at least among biologists,
. that,to avoid interference

vi%@”;xobiclogical observations, terrestrial organisms should not be
rpeely relessed on other planets. Sterilizativn and other technigues
(;éor avoiding man-made bioclogical contamination of the plancis maYy
therefore be prerequigite for exobiological research. considerable
controversy has oceurred on the need for sterilization of planetary
and lunar spacecraft, on the degree of assurance required that
contamipation dces not occur, and on the methods to be used for
sterilization. Many extreme and opposing views have peen put forth
by individuals concerned with or effected by sterilization. This
paper attempts an engineering examination ¢f the problem, It

deals with unmanned exploration; sterilization of manned spacecraflt
require separate consideration. Also, only contamination of apother
planet with Earth organisms 18 discussed; contamination of Earth
with organisms from other planets, when sanples Or spacecraft are
brought back to Earth, is not considered here.

Some persons, on first being faced with the problem of space-
craft sterilization, have felt that it sh;uld be a simple maiter.
After all, surgical {nstruments end supplies, drugs, food, and other
items are sterilized routinely. A more detailed consideration shows,
however, that the problem is not simple. Spacecraft components and
meterials ere in many cases damaged by comman sterilization methods.
Techniques and operations useful for supplies or for small easlly

asgembled devices may be very difficult to apply to & large complex
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gevice, p&rﬁ@léf whicn are likely to te repaires or replaced. Perbaps
nost impcrt&nt ig that careful asttention must be pald to the probability
of successfully achieving and maintalning sterilization with & given
technique; many of the procéﬁures proposed for spacecraft steriliza-
tion are poor in this respect.

Sterility is absolute: an object is either sterile or it
is not sterile. If it has a single viable orgenism on it or in it, it 1s not
sterile. Nevertheless, we never really know whether a particular
spacecraflt is sterile or not. Ve never really know whether
plece of laboratory equipment or surgical instruwnent is sterile or not.
All we can say is, that on the basis of the procedures used
and of past experience, the chance that the object is contaminated is less

than some low number. It is, therefore, proper to consider the

probability of contamipation or the probability of sterility; such
an approach will be used in this paper.

In many cases, the probability of sterility resulting fros
an operation can only be estimated. Kevertheless, 1t lg necessary
to §r0cee& on tnis basis or not proceed st all; any reasonable estimate
is better than nothing. As in many engineering problems, engineering
Judgement must often be resorted to in the absence of conclusive

*

experimental data.

PROBABILITY OF STERILITY ATTAINARLE BY VARIOUS TECHNIGQUES

Readers unfemilisr with sterilization should note one
general principle: if a homogeneous microbial population 1s exposed
to a sterilizing agent under constant conditions, the populstion falls

exponentially with time of expcsure. Another vay of stating this is:

a plot of the logarithm of the population count vs. time is a straight
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to heat, chomieal agents, and rallation, but deyintlons sonolLimes
occur,in the direction of & slover {nll-000 sfter long time. Deviations
&rg:ﬁast commonly attributed to lack of homogeneity in the original

population--that is, the presence of mleroblal strains with varying

resistance to the sterilizing agent (Ref. 1, 2 ).

An exporcntial kill curve means that the time necessary
for sterilization depends on the initial microbial count. Also, 1if
an experimentel kill curve is extrapolated to negative values of log
population, these values may be interpreted as the probability that
& single viable organism remains.

Sterilization by Heat

The sterilizing agent one thinks of first is
rmoist heat, usually in & steam autoclave. Uniortunately, & grest
many spacecraft components will be damaged by heating in steam. MNore
important, however, stewm will rot penetrste into sealed components,
such as vacuum tubes, transisiors, other electronic components, the
interiors of many pieces of plastic, ete. Thus, these interiors are
subjected only to dry heab, not to moisl.

Dry hest pay well be used %or spocecraflt gterilization.
The temperature and time reguired for sterilization by dry heat arve
considerably greater than for molst heat. A dry heat cycle of 24
hr. &t 135°C lowers the population of resistant bacterisl spores by
a factor of about 10727 {Ref. 3, 4 }; no crganisms move resistant
to dry heat are known. Boébyrhas given an original count of 109

organisms on the surfaces and in the Interior of the spacecral™ os
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ining after 2b hr. at 135°C is then about }.OJ‘.

%,

i

representativeé of

1 highly trained personnel, the use of temperature

monitoring, g& the supervision of experts.on heat flow, the chance that

y

 some g@rtif of a component or even of a complete spacecraft does not

intended heat cycle can probably be brought down to 10"6.

Many sg%iecraft components, especially electronic components and
prepgilants, are, hovever, damaged even by 2k hr. at 135°C; components
cé.ﬁl{ble of withstanding this temperature can probably be developed,
ﬁut time and money will be required to do so.

Sterilization by Radiation

Sterilization can also be accomplished by ultraviolet
and by ionizing radiation. Ultraviolet radiation reaches only directly
exposed surfaces, and is of no use for interiors, or for shadowed
surfaces or holes. JIonizing radistion is more penetrating. Exposure
to a dose ©f 5 x m§ rad has been reported to reduce a resistant microbial
population to }.0'5'3 of that originally present (Ref. 7 ). Thus, a
dose of 3.0? rad of penetrating 10:11:‘133 radiation should reduce the count

-10.6 and a dose of 1.2 x 107 rad should be enough to reduce the

by 10
original count by s factor of 10743, Many plastics and elastomers,
including solid propellants, as well as the optical properties of

many glasses and pigments, will be damaged by, 3.07 rad. I% may be possible
to develop components of adequate radiation resistance; time and money
will again be needed.

Sterilization by Cas

Cas sterilization kills only microbes on exposed surfaces.
It does not reach sealed interiors or, necessarily, interiors of

closed screvholes, flanges, gasket seats, or electrical connectors.
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is a good sterilizing gas and does not damage the great

Ethylene oxi
u}arity Qt’ spacecraft components. In appropriaste concentration it
nas been shovn to kill original populations of about 102 resistant

on paper ﬁwm: in 11 hr exposure under appropriste tempers~

and hunidity conditions (Ref. 8). If one wants a probability of

19& that a single viable organism remains, then starting with a

vé,;é;urraca population of 3.08 (Ref. ), it is necessary to reduce the count
' 12

by a factor of 107", (n the basis of ap exponential kill curve,
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this would require sbout 17 hr for the conditions mentioned.

In using sterilizing gas, there are problems in meking
sure that the gas reaches all surfaces intended. There is slso &
chance of a human error or instrument error gccurring: mistakes may
be made in control of concentration, temperature, humidity, etc.
There 18 estimated to be one chance in a thousand of a seriocus human
error occurring. W having one human check on another, duplicating
measuring instruments, etc. the probability of a breach in sterility arising from
these sources could be reduced to less than 20™>. |

Some significant uncertainties remain, however, as to the
effects of substrates (Ref. 9, 10, 11, 12 ) and of bumidity and vacuum
cycles (Ref, 2 ) different from those in the tests referred to. In
particular, on some substrates, as well a:s with some presterilization
hmidity or vacuum cycles that mey be of practical importance for
spacecraft, there is evidence that ethylene oxide kill curves are not
exponentisl but level out st 8 to 18 hr, so that longer exposure produces
no further drop in population (Ref. 2, 11 }. It appears, thersfore,
that there is mot yet sufficient 'mm to show that ethylene oxide

can be relied upon to produce high probabilities of sterility under



spacecralt cﬁ?ﬁitiom. Even fewer data are avallable for other geseocus

sterilants ﬁ!‘ o

Sterilization by Liquids

In principle, it might be possible to dip components or

methanol is one of the best (13). Just as vith gas, the liquid will
#terilize only the exposed surfaces which it touches. Moreover, because

of the liquid's higher viscosity and surface tension, it will not reach

many crevices that would be reached by a gaseous sterilant. For those

AWW\

surfaces that m reached, it is possible to get a low probability

of contamination in a shorter time than is possible with gas. The
contact times fequired are some hours, rather than a few minutes as
sometimes thought (Ref. 14,13). Moreover, the effectiveness of liquid
sterilants of interest seems rather erratic and apparently is sensitive
to minor variations in sterilant concentration, quantity, evaporstion,
hydrolysis, polymerization, and storage time, as well as the substrate
nature and cleanliness (Ref.13, 15). Experiments with liquid sterilants
on simple spacecraft components previously inoculated with bacterial
spores (Ref.}5) shoved that, at best, viable spores remained on the

surface of 10°1 to 1072

of the components used. For 100 components,
the probability of contamination rminin‘g would then be essentially
unity.

Known liquid sterilants damege certain critical spacecraft
components; in particular, they degrade the electrical properties of_

Y T T T o S e ¥

Int&:ml Chemical Sterilization

.SBome materials used in spacecraft are inherently self-

nm::.:.:mg, for example, fuming nitiic acid, a propellant. For some
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the matsr;gﬁ in the course of Iits manufscture. ‘[his may be done in

normal ppoduction or specifically for sterilization. The chance of

cnntamiﬁation remaining depends upon the item and procedure used. To
p i

obtgiﬁ quantitative asssurance of the chence of contamination remuining,

i?%éili be necessary to obtain kill curves, for the particular chemical

_formulation and the conditions of use, which show the percent of

| originel microbial populations remaining as'a function of time.
Alternatively, to know if the chance of contamination is lQ”h, it will
be necessary to make over 10,000 tests, and find that not more than
one of these show any contemination remaining. If sddition of the
internal chemical sterilant is not an indispensable part of the normal
manufacturing yfoce&ure, then there remains a chance of mix~-up Or other
hman error leading to omission of the sterilant; the likelihood of
such occurrences will be discussed later in this paper.

Sterilization by Flltrsetion

For fluids, it is possible to use heat, radiation, and
internal chemical sterilization, as already discussed. Sterilization
by passing through a bacteriological filter may also be considered.
For gases, fiber-type filters may be used. With a properly designed
and properly prechecked and postchecked ;&stem, the chance of
contamination with such Tilters can be brought to 10”3 or lower.
Moreover, several Tilters could be used in series to incresse the
likelihood that no organisms get through. ¥For liquids, fiber-type
tion. AB an
alternative, filters all of whose pores sre smaller than the gize of

the organism may be used; with present technology, this means membrane
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filters. 5

o
f

Tracture, ;ﬁ’ other imperfectioms. The assurance of sterilization is,
‘ J 2

’cmefoygf only about 10" “. Several such Tilters could be used in

miewﬁo improve assurance. If these filters are of the same type,
however, and particularly if they are from the same batch, there is

c%idemhle cbance that all will show imperfections if any one does.

Mhus, the probability that all will feil may be greater than the product

i

" of the failure probabilities of the separate filters.

&aeg’gic Assmbll

Aseptic procedures, similar to those used in surgery

or bacteriology, have often been suggested for assembly of previously |

sterilized spacecraft components or subassemblies.

If the assembly is done in an ordinary feirly clean laboratory or electronics

plant room, the probability of contamination from the air alone must

be considered essentislly unity per part. Air fallout, even under

clean room conditions, contributes  10% to 103 crganim/fte hr
(Ref. 16,46,hT,49
that grow on bacterial culture media / and ’pe'?hap)s a larger

number of organisms for vhich these media are unsuitable. (It 1s clear
Ordilﬁ meintaln sterility,
that /surgi procedures 4o not / but rather keep the number

of pathogenic organisms introduced low enough for body defenses to
bandle.) If liquid sterilants sre applied to mating surfaces during
the assembly operation, the chance of contamination remaining is

estimated to be 10™> to 10™/part, or essentially unity for 100 parts.

A slightly better approach would be to assemble sterile

bagged parts under a hood provided with a positive pressure of

bacteriologically filtered air. The hood, sprayed in advance with a
lijuid sterilant, would be furnished with
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ultraviolet Wya to further roduce contanmination. Manipulations
would be mmaal with the operator's bands in previously sterilized

gloves. mder such eircumstances, the chances of contamination from

%
the bm, hands, gloves, and air are estimated at 10'2/;3&::“&. This

‘ eatx&te is based upon dats that Food and Drug Administration inspectors

mdru.g industry plants using this procedure picked up 55 infected

/,icts out of about 1500 lots sampled in simple routine operations such

" as bottling of sterile injection solutions (Ref. 17). At 1072/part,

the probability of contamination occurring in 100 parts would be
about unity. If & liquid sterilant were applied to mating surfaces
during the assembly operations in the hood, a reduction in the chance

of contamination of 107 to 10™°/part should be attainable, giving

_ an over-all chance of contaminetion of 1073 to 10"}*/1»:»';. For 100

perts this would amount to 102 or more.

If & hood assembly technique is used, but the parts brought
in are externally infected, the assembly resulting would certainly
contain trapped infection from the externally infected surfaces.
Sterility would then depend on reaching microbes in crevices with a
liquid sterilant; as mentioned sbove, then probability of contamination
remaining would be near unity for 100 parts.

Sterile Assembly in 8 Glove Box

Perhaps the best technique of sterlile assembly would be
to sssemble the parts in a glove box containing & sterilizing gas such
as ethylene oxide. One difﬁculty/igat no gloves are known to be
suffisiently immervious to permit an operator to use them without severe
blistering of his hands by the ethylene oxide whiech diffuses through

the rubber or plastic. Present practices require a purge of the box
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and gloves wiﬁ sterile air for some hours after the ethylene oxide

treatment hefore a man may insert his hands into the gloves (Ref. 12).
With aucgga technique, 1f the parts to be assembled are internally
xterilckmd are placed in the box before the ethylene

/ eacidg eyela, the reductions in contamination should be a&s described

for the ethylene oxide treatment. The chance of contaminated

Qir leaking into the system after the ethylene oxide is removed mst
fa.lm be considered, however. If the purge air is properly filtered
or heated to remove microbes and if the air system ) the chamber

itmlfjb:& %%gﬁy pretested and monitored, the chance of such
a leak could be reduced to 1073 or lover. This estimate is based on
the experience of the National Institutes of Health, where glove
manipulations have been performed several times a week on several
chambers containing germ-free mice for four years, with no break in
sterility (Ref.18 ). This record, setting a contamination level of
-3 " manipulation or even Jower,

07«10 appears to be unusually good; it is based on use of
permanent velded stainless steel boxes and highly treined personnel.
With temporary or flexible enclosures, it would be more difficult to
assure freedom from leaks and the chance of contamination would be
higher.

A modification of this procédum would permit bringing
internally sterile parts and tools into the sterilized glove box through
an airlock. lLeakage thmugh the airlock closures increases the chance

of contaminating the box. /,tnaaor air admitted through the lock would

1 to 10 or 3 (Ref. 16, 19, b6, b7, 4B, 49)
contain fmore ~ organisms/ft° / ; if this air were not
sterilized, the chance of contamination would approach unity. .Introduction

of microbes on the exterior of the parts brought in, or on their containers,
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suppozedlyf; /er:’ale parts through contacts with box, gloves, and tools;
the pmbﬁizity is estimated at lo'z/part or higher; for 100 parts,

the pmgnbility of contamination is essentislly unity. Applicstion

of Miiquid sterilant would reduce the probability of surface contanina-

1o m"a/part, as mentioned previously. If

tion by a factor of 10°
sterile bagged parts are brought in though & U-tube containing liquid
sterilant, the chance of the sterilant not reaching all organisms

on the begs (especially at seals) is perhaps 1073 to 10'}‘/1»3, or 107+

to 10"2

for 100 bags. Exposure to the liquid for some hours would
be required to reach this degree of assurance of sterilization.

Some plans for sterile assembly envisage transferring
sterile fluids through piping and fittings into a presterilized
spacecraft or capsule. The chance of contamination of piping and
fittings is then importsnt. It should be noted that techniques
involving opening connections to laboratory sir and applying ; liquid
sterilant to the surfaces leave 10”7~ ta 102 chance of contamination
per part.

Many other variations of glove box technique could be
suggested. It should be remembered, however, that & spacecraft is a
complicated device; Ranger, for example, ‘contained over 100 electrical
connectors, 500 mating flanges, 1000 screws, etc. (Ref.20 ). Assembly

of & spacecraft iz therefore a lengthy procedure, involving meny people,
and the size of the spacecraft makes glove techniques difficult (human
arms may not be long enmough to reach in from the box wall).

It should also be noted that if pieces are sterilized

separately and then assembled, the probabilities of contamination must

. R
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be added over sﬁhe total nwiber of pieces involved, thus increasing the
total probahgiity of contamipation. If the operating persomnel

and sterile procedures,
or :irszpe&ra are not Mghly treiped in sterilizastion techniques /the
me & & breach is very much incrmed, perhaps by &
| zacta? or 20°,

Recontamination

With any of these methods of sterilization, the

" possibility of recontaminatior by subsequent leakage of nonsterile alr into
the cofitainer sust be considered. In a velded leak-tested bax, the

‘6. If the

chance of contaminstion through the seals is less than 10 .

sea) toxup out pomsterile air is less perfect, the chance will be

greater. -
In each stage of handling, there is some chance of

contaminetion, the probebility depend upon the design. Contamination

of a previously sterilized spacecraft or capsule may occur on the pad, |

during transportation at the launching base, in the check-out aresas,

and during cross-country transport. It does not seem possible to

attach numbers to these probabilities since they depend so heavily upon

the 4esign of the equipment.
If a sterile assembly operation is undertaken, there is 8

possibility of contamination of one of tk;e subassemblies or components

during bandling prior to the sterile assembly. One method of handling

items intended for subsequent sierile assembly is to sterilize and seal

them in interpally sterile bags, under the immediate control of a

central sterility group, and thereafisr mever permit the bags out of

custody of this group: that is, never permit the cognizant sssembly




emmr and ga technicians access for asdjustment, modification, or
pysien

rspair. with this / of hand..‘i.ing, ’che chance of mix~up in idemtifica-

tion, otm human error, or }.mtk, may 'ne a low as 10 6/p1¢ce handled;

o eces, this would amount tc & total chance of contaminstion from

‘i‘.heswgz%lusu of m”kﬁ If & double sign-off system is used at all stages,

an additional reduction of 107

-should be possible.
; If the items are handled only by & central sterility
zzrmm, MmMﬁMWMMWcWM,
there is also & chance of contamination getting from the exterior to
an interior sres vhich is not reached by subsequent sterilization
treatments. The probability vould depend hesvily upon the design and
character of the item.

If sterilization tskes place under the supervision of aj
spacecraflt cquimt vendor or cognizent essembly engineer M“&h
package, sesled in sn internally sterile bag, is then in the custody’
of the vendor or cognizant engineer, the chance of mix-up, other humsn

error, or leak is estimated at m"alpiqce; for 100 pieces the chance of

contamination is then 190. With & double sign-off system, the chance

could be reduced by a tactor of 107, (Fote that for a

spececraft of the Mariner or Ranger class, there are typically about 30
to 50 cognizant engineers and hundredsof ;mssmbly vendors).

' When items are sterilized internally under supervision
of a vendor or cognizant sssembly engineer and are handled unsesled
by bim snd his men, the chance of mix-up, tampering, or other human
srror is perbaps w":‘*/puca; for 100 pieces, loss of atexrility is then
virtually certain.

, Effect of Iaunch Environment on Sterility

The possibility of & sterilized spacecraft becoming
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during the launch must be also considered. This might

qqegr, foﬂﬁtxamyla, by leakage into a closed shroud during the

varies strongly with season and mwmlogi&% ¢
Wh _ The - concentration of organisms in outdoor air/ . ' tions,
can be 103 W/ﬁs (volume at sea level ;mmme) Jor more; m
are Bostly fungal spores (Refug). [m bacterial count is about S
m1/n3 (Reta19, az,)] 70 attain contamination probabilities of

,,510 orw"h, the total volume of air permitted to leak into the

shroud during the launch must then be less than 1.0"“ orlc'7 rz3,
respectively, during the entire period fm sterilization to attainment
of an altitude of 100 km. (It is generally assumed that Earth
organisms 4o not go up to greater heights.) Since the air in the
during ascent
shroud must ordinarily flow out/to permit pressure balance and removal
of the shroud, this poses a difficult engineering problem in control
of air flow,

It is alao possidble to contaminate & sterile spacecralt

or capsule by a separation melfunction: by nonsterile materials staying
with the sterile elements or touching them during separstion. Such
materials might include retrorocket gases or nozzle fragments, loose

gas or by the
pieces or dust blovn about by the/explosive separation devices which A
are often used, enclosure or darrier v'mppings vhich do not seperate . w
properly, etc. The probability of this occurring depends eatirely upon 2
the design, perticularly the design of the separation mechanism and
m.~ It sppears very difficult to get a really low probebility
of contamination during separation. There sesms to be no way around

the problem, however, except through sterilizstion in fligot or oo
entry. Tms, excellent and failure-proof separation design is required
for sterility.

The launch mt itselfl might be used to produce
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sterilivntl xw herodyammle beating wardng the lounching is the only
factor %mt secms applicable. 1If this were used, it might be possible
o ge‘t. a. v&rv low chance of contamivation because the most likely

of abnormally low heating would be a Jow exit velocity, and

1r tﬁs occurred the spacecraft would mot reach its target. To
smilise by aserodynamic heating during J.amwh would, however, require
',ﬁ. very special design of spacecraft and put extreme constraints upon
the design. It is rather unlikely that this could be accepted.

Sterilization in Flight

Many people have asked whether the space enviromnment itself
would not be adequate to sterilize a epacecraft. There has been one
report (Ref. 22 ) of sterilization by exposure to ultrahigh vacuum

@ wemben oF
for 10 days or longer. On the other tmmi,/' recent experiments
(Fep 23,24, 25, 50,57)

have shown that microbes remain viable after exposure
to ultrahigh vacmm,‘ even in tests up to 34 days. For the present,
it must be said that no decresse in probability of contamination will
result from vecuum exposure.

The outer surface of the spacecraflt is exposed to solar
ultraviolet and soft x-rays in those positions which face
the Sun. This radiation will prov:ide 8 good factor of kill on
the exposed ocuter surface, butthere are many reglons ¢f the spacecraft
where the ultraviolet and solt X-rays 40 not reach. Therefore, the
decrease in contamination probabllity because of solar ultrsviolet
and X-rays must be considered as zero.

Particle rediation is also present. If the spaceéraﬁ;

flies through the Van Allen radiation

y

e



belts, toyoiooperhaps Len hours ip Liwnelt, tho done recoived close

- z
to the m:rfém within s distance (shielding thickness) of 10~ gfcm‘ﬁ

ar less, %%;y be as much as 1,07 rad. This would be enough to sterilize

to this/small depth. Through the shielding thickness provided by

many perts of the mcemtt structure (approximately 1 g/mg) the

2

dose in ten bours would be less than 10° rad. This would kill no

Cosmic rays produce a total dose of the order of 100 to

1

10" red/year even though heavy shielding; solar flare particles,
according to present dats, a totsl dose of 10

2 ¢o 10t r#d/year through
-3 o, aod less through heevier shielding.
1077 g/cm®/ Such doses will not kill microbes.

Finally, sterilizetion by tempersture encountered in

space must be considered. There is a great deal of evidence that low
temperstures, even in the liquid helium renge, do not kill micro-
organiems. mgﬁ temperatures will kill, but unless a heat steriliza-
t;ion cycle during the flight is deliberately designed into the space-
eraft, most of the parts will not run above 100°C, and this is not hot
enough to sterilize.

Sterilization in flight as & deliberate part of the
flight sequence might be & useful technique. Chemical agents will not
get into sealed interiors of spacecraft a;xbaascmblias or components

nor can they easily be appiied to the outside where high vacuum conditions

exist. Heat sterilization during flight would work if the pertinent

parts were kept hot enocugh for a long enough time. There is - some

chance, hovever, that the sterilization cycle will not operaie as
designed and that the mission nevertheless could not be aborted. Tt .

is a difficult engineering problem to heat & spacecraft evenly in space

o,



. & lower me of faii
¢ should be attainablm This

tecimigua has been szzg'gested for sterilimtion of the last stage of a

iaunch vehicle, after it has completed its operetion and Wﬁeﬂ

from the spacecraft (26). The probability of this scheme failing
would depend/on the attitude conditions required with respect to the
Sun and the method of obtaining and maintaining these conditions.

Sterilization and Release of Orgs

There have been suggestions that sterilization m' be
attained by ablation in & planetary atmosphere or‘ by impact on a e
planetary surface. This requires some discussion.

If a heat shield is provided, sterilization by ablation
is precluded. Even if no hest shield 1s provided, very small fragments,
below 0.001 in. diam, will not reach temperatures high enough for
sterilization. Such fragments might be blown or broken off the space-
eraft during the early entry stages and would be apalogous to the fipe
dust which enters a planetary atmosphere and reaches the surface
without significant heating. Moreover, iarge pieeeé will not be
heated sufficiently at their centers, during entry, to cause steriliza~
tion. Parts equivalent to polytetrafluorcethylene spheres larger than‘
about 1/2-in. diam would not be sterilized by the heat of entry even
at Venus, where entry heating is expected w0 be very severe (Ref.p7).
This size is equivalent to & flst plate about 1/4 in. thick; planetary

spacecraft will usually include a number of plastic parts of these

Lt S
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sizes,and entgﬁg heating therefore cannct be counted on to sterilize

them.
. Congider, next, steril’zation from impect on the surface,

ﬁ/therj)ia an atmosphere present, some fragments of the spacecraft

vill #cthit the surface at high speed. Even if the spacecraft vas

: de;f&emtely designed to come in through the atmosphere very fast

without break-up, such a design might fail, and it seems unlikely that
a probability of better than 107! could be given for the chance that
such & failure would not oceur. |

Suppose there is no atmaﬁphere'§r¢8&n§3&3 on the Moon.
There is good reason to believe that hitting the Moon at the hyperbolic
veloeity of 2 to 3 km/sec would not sterilize a vehicle. There are data
(Ref.28) shoving that some electronic devices can withstand impact
sccelerations of 200,000 g with relatively little damege; this is
equivalent to & spacecraft impacting at 2 km/sec and being stopped
wvithin 1 meter. It seems certain that microbes aboard these pleces
of equipment would likewise withstand the impect. Likewise, microbes
survive chemical high explosions (Ref.29). Some decresse in the
microbial count would probably teke place.

If the organisms withstand entry or landing, what is the
probability they will be released frcm,th; spacecralt or capsule to
the planetary atmosphere or surface? From the outside of an entry
body or lander, the probability is high, because the organisms may
escape as dust during the initial stages of entry while still high
in the atmosphere. From the inside of a spacecraft or capsule noi
designed to remain completely intact upon entry and landing, the
probability of some release is again essentially unity. The number
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‘be less than the toial nuwber of living vrganiens

he chance of contamination would not be reduced significantly
unliess the initlal microbial population was very low indeed.

" From the ineide of a container designed to withstand

: entszd landing and mz.nmmletaly intact, presumably no organisms

¢ vwlﬁ be released if the container performed exactly &8 intended.

‘!‘!m’e 48, however, alwsys some chance of failure; it is possible

that / container would breek open. The chance of this is not likely
to be less than 107* to0 1072

If only a very small number of organisms are released, we

~2

might obtain a factor of 10™> to 10”2 tnat these do not include the

varieties suited for growth under planetary conditions.

Avoiding Conteminstion by Missing the Planet

The easiest way to avoid contaminating & planet with
Earth organisms 'is to avoid hitting the planet with spacecraft. .We
may classify our flights as entries, orbiters, and flybys. An entry
flight is intended to hit a planet or its atmosphere; the chance of
doing so is presumebly somewhere near unity. For & planetary orbiter,
in general, & rather small error or failure in the guidance or in the
retro-propulsion will cause the s;pucecmm to0 enter the atmosphere

the planet with an orbiter is
of the planet. Te chance of hitting/ 0y

" therefore also high, probebly near unity. For & flyby, the chance can be

lowered as far as desired by aiming sway from the planet; that is,

inereasing the planned miss-distance relative to the scatter in the

guidance, This, however, lowers the value of the flight. An

alternative is to introduce one or more midcourse maneuvers which

lower the probable scatter in trajectory near the planet without
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changing the planncd miss-distavce. Because 8 mancuver may not take
, ‘ o
ro1x 10 , {Ref. 30) ,j

the pmbaﬁfimy of hitting may not be lowered sufficiently unless the

place as inténded [ probability 5 x 10

an Wint is initially set away f‘rm the planet ("biased"), and then
redug& by the maneuvers. |
: 4 Midcourse maneuvers add relatively little to weight.
%ﬁay add apprecisble complication, however, and B8O lower mission
reliability (Ref.31). Biasing an injection away from a target means
that if a subsequent maneuver fails, the mise distance will be s0
great that the value of the shot will be considerably reduced as
compared t0 a procedure in which no bias was used.

The probability of hitting the planet with the last stage
of the launch vehicle should also be considered. xx]:goidance or
retro-maneuver 1s scheduled, the probability of this stage hitting
the planet depends upon the injection errors. If a launch~vehicle stage
avoidance or retro-maneuver is schedule&, then & factor of maneuver
relisbility must be introduced (10 " to0 107 ) If impact probabilities
are still not sufficiently low, one may consider
going to a more reliable retro system, backing up the retro system
with & second independent retro system, changing the giapae& injection
trajectory, or sterilizing the launch vehicle. Retro systems on the
launch vehicle add complications and again reduce reliability (32)-
Iaunch vehicle sterilization seecms leamst practicel, unless it can be
done in flight, after cut-off (Ref.aéi; The remson is that launch
venicies have never besn Gesigned for unmanned planetary or luoar

missions end perhaps never will be., They are desisned for other

purposes; persons responsible for scientific nissions have no real




of iaunch vehicles o
influence on design/and cannol require that they must withstand
sterilization.

.
w ASSUWCE OF STERILITY Wl}

For Mars

. On the basis of tests made under simuleted Martian

conditions, It appears that the chence of growth of some Earth organisms,

if‘ relessed on Mars, is essentially unity. There seems to be no question .
that we should attempt to avoid contaminating Mars with Earth organisms.’
Reasons have been outlined by the Cetex (Ref.,3:)and Westex Committees ,k
by Davies and Comuntzis (Ref.35), ILederberg(Ref.36), Fhillips and
Boffwan (nef'a); Hobby (Ref.6 ), and others, Basically, the

objective is to permit blological obaservations of Mars without
interference by organisms introduced from Earth. For engineering use

it is necessary to prescribe, mmerically, the degree of assurance

that contamination will not occur; in other words, the risk of contamina-
tion that will be taken. (It is not possible to take zero risk, except
by sbandoning exploration of Mars). One way to obtain & reasonadble
number ¥: to say that we should keep the chance of contamination of m

as low as the chance we will obtain no useful biologieal data. for

other reasons. There are 7 oppositions of Mars remaining before 1980.
If 1t is assumed that the UBA and the USSE; each attempt 2 flights to
Mars at eech opposition, about 28 flights may be tried. For each
attempt, the probability of reaching the planet is perbaps 50%. If

a spacecraft mqins the planet, it may still not return useful data

on 1life because of Milures in landing procedure,radic communication,
power supply, scientific instrumentation or telemetry, unfortunate
selection of landing site, ste. The ymhahllity of such failure is
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perhaps 50%. %‘ua, the probability that no useful date on life will
be obtained ?.n any one attempt is estimated as 3/k. The corresponding
/7

m&:.&% that no usml bia).ogiea}. data will be obtained in the
wmle miea of 28 attmts is (3/&) or 3.0"3 5. One could then

aonsg&r that the probability of contaminating Mars during the program
aml&bckmaslwasmas |

Another method of cbtaining & working estimate is to say
that the chance of contaminating Mars in the course of unmanned
exploration should be kept low compared to the chance of contaminating
it the first time s wanned landing occurs. During & manned landing,
contamination of Mars with Earth micro~-organisms mey occur through
such fectors as sﬁg;:t. outward air leaks from apuémi’i;a s the difficulty
of reaching all crevices in space suits or other mechanisms by chemical
surface sterilization, the added difficulty of sterilization in a
spacecralt rather than in s laboratory, human error in Mars surface
operations leading to & break in sterility, accidents on the Martian
surface, creshes on landing, etc. Most engineers put the probability
of microbes being released in this way as l()"l or even higher. On this
basis, 1072 would ve an adequately bv number for the permissible
probebility of contamination during the urmanned program.

The numbers m'3'5 &nd»m'é

flights reach Mars lead to 10°%€ ang 10732 for the permissible

for & program in which 1k

probability of contamination on each flight. Perbaps an intermediate
fiight
value of about m"i‘ is reasonable; Hobby (Ref.6 ) and the Space Science

%

Poard Study {(Ref. 37 )} bave suggested this velue,
It is obvious that reasons could be given for selecting
widely diftwgnt values; for example, 19"6 has been mentioned. The

anéiawrins difficulties of attaining even 3.,0”;‘ are great; atteining
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},0”{} might reguire postponing wimonned exploraticn for many yesrs.

Postponement of ummanned explorstion /?)‘%7'
el(. reduce the pumber of unmenned attempts prior to manned lq;nding
 and 80 reduce the chence of getting back meaningful biological
data before contaminstion ocours. |

For Venus

For Vemus, the required degree of assursnce against
ﬁ&ubinlagim contamination can be modified by the chance that no
enviromment suitable for growth would be encountered by Earth organisms
on Vepus. Measurements from Earth and from Mariner 2 (Ref. 38 ) indicate
that the surface is too hot. There are,however, rYegions in the upper
atmosphere of Venus which are suitable in temperature for Earth
organisms. Eartb, micro-organisms apparently do not multiply in the
atmosphere of Esrth (Ref.19), and presumably would not do o in that
of Venus. The chance of some Earth micro-organism finding suitable
environment for growth on Venus is, tﬁarefore, estimated at 107>.

A Proposed ’
Dividing the value of 10~ per flight,/for assurance ageinst contamination ,

by this 107>, we obtain 10™" per flight as the suggested assurance
against releasing viable uicromrmi@i into the upper atmosphere of
venuas, - .

For the Moon

For the Moon, sterility of spacecraft is probably not
essential: 1t does not seem possible that Earth organisms cowld
grov and reproduce on Or near the surface of the Moon. Sagan (Ref.39).




mpom alterpately to subzero and very high tmpemtm'e , as well as

and Zmﬁhenetaigyg (Ref.h0) believe thot there is a remote chance of
growih, ‘mzt. m one else seems to share this view. The surlace of the
Moon, to & canaidcsm‘ble depth, appears to be well ‘be}.é? the freezing

Wint of water, except ?0? the outermost few centimeters vhich are

to w.gh vacuum and radiation.

The USSR bas not published or released a description of

the sterilization method used on Lunik II; it is therefore not knmvm &

the spacecraft and launch vehicle, which hit the Moon, were sterile.

Sterilization procedures were used on Ranger 4 spacecraft, which hit

the Moon, but a few components probably were not sterile.

lederberg and Cowie (Ref. 4l ) have pointed out that it
is highly desirable not to contaminste the Moon to the extent that
1ife 8cientis"&s will be unable to determine whether organic substences
found on the Moon are native or vwere brought there from Earth. The
Moon has a surface ares of b x 1017 em®  The average sample of lunar
surface examined by an unmanned probe or even by an early manned
explorer might be of the order of }.03 cme. The chance of picking up
an Earth orgenism within this area should be Jow compared to the other
chances of contamination or error in a single experiment; let us say

%

3.6)"3. Accordingly, the probability of an Earth organism being found
on the lunar surface should be held to 10 6;’{:;:;2 surface. For the
entire Moon, then, it would be undesirable to put down more then

b x 3.03'1

organisms from all unmanned flights. For a #O-flight
unmanned program, this would mean less than mm organisms per flight,
on the aversge. Ranger h is believed to have carried less than 107
viable organisms (Ref. 9 ). A bacterium weighs about }.O'mg; thus

the total weight of viable orgenisms should preferably be limited to

P
L
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107° g/riignt.
lederberg and Cowie {Bel. B1), Sapan {(Ref.39), and others

have ;::«mn%é cout that 1t is also undesirable Lo land desd organisms

on the Moon. Unfortunately, there is no known way to remove these
cﬁmp;,;%ely from & gpacecraft. Decontamination procedures and clesnliness
cmf’iwer their number.

Infection by Viruses

The éterilization schemes discussed above tacitly assume
that only bacteria and larger organisms need be killed. Some of the
techniques proposed, such ag radiation and filtration, are less
efficient for viruses than for other microbes, and mey permit infectious
viruses aboard spacecraft or capsules. This is probably Justifiable
on the basis that each virus can reproduce only in a specific type
of living cell, and if Earth-type cells are excluded from a planet,
Earth-type viruses could not reproduce there.

ASBOCTATED PROBLEMS

Monitorine znd Accountingm

Making sure that f}o breach in sterility has occurred
will be & major undertaking unless such & breach is mechanically f
impossible., If sterile components or packages are to be handled, an .
organization is needed to monitarthis hax;&ling and to keep careful
records of which packages or parts have been sterilized. Manpower

to. _
will be involved in this / ?ﬁd accounting Job. Sterility

monitors will bhave to go along with each component 10 mske sure that
nothing is done to desilroy ils sterility; thie responsibility could

not be turned over to the cognizant &assmbly engineers without seriously
dagm&.ing the likelibood of sterility. Checks are also needed to

make sure that the monitors do not make mistaket.



| r%biw of operstion. Preliminary results of an experimental

in :ﬁlm rate occurs in life testing of those electronie components

‘assemblies sterilized by dry heat (Ref. 20). This is most important,

o

’Kaliabili‘by of Spacecraft Functioning

mrmmzion treatments of whatever sort may degrade

My @‘ sterilisstion by dry heat in&icaae that an upprmu increase

w; amm by the heat (Ref.h2 ). There is also some evidence of
increased failure rates during spacecraft checkout of electromic

since there is little point in flying equipment which is likely to
fall in service; reliability is usually the mmber one characteristic
desired of & spacecraft. There are almost no data on the effects of

sterilisation techniques other than hest upan reliability. Data on

reliability are not essy to obtain; many thousands of tests mey be

| AdJjustments, qus.rs and Recycles
The need for late calidbrations and adjustment of eq;.tiy-
ment Qoaflim strongly with the m:'ility r&quirmnt Current

practices often involve msnual sccess to the equipment and meuurﬁ,y
Jeopardize sterility. The sterilization requirement suggests that
equipment should be designed either to be self-calibrating or to be
capadle of rm: calibration, vith no manual access.

" The nesd for late repair and replacement of components
or Mﬁn also conflicts seriously with sterilization procedures.

This conflict can be reduced by placing steriliszation as late in the
sequence as possible 80 that repair and replacement can take place
bafore rather than after stexilisation.

I improper operetion is found during e mtm it
qumemwmwmuMnmtmum mm

k3
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required "uz“k’iic‘z'z a recycle is slways a problew for lunar and planeloyy
shots. Iif,*é%%eriliza%on is required, then the loss of time in

the rec%gzle may be very serious .becauae of astronomical limitations

on tbﬁl&unch period and firing window. Anything that interferes with
2h-pr recycle times is highly undesirable. ‘Sterilization procedures
taking only a fev minutes would be optimum.

Personnel Safety

Many of the procedures used for sterilization involve
hazard to personnel. Beta~-propioclactone is carcinogenic and is not
currently recommended for use. Ethylene imine is also suspected of
being carcinogenic. -Poth of these liquids blister skin. Ethylene

oxide and formsldehyde are toxic in moderate concentrations. E:hylm@é

oxide, even as commercially diluted, is inflammable vhen mixed
with oxygen (Ref. k3). The alcohol solvents used with formaldehyde
are inflammable. Heating may conceivably set off squibs and propellants.
Radiation sterilization obviously involve some personnel hazards.
Thus, certain preceutions should be taken in sterilization procedures
and certain risks to personnel accepted.

Training

Sterilization of such a com;)lex mechanism as a space-
eraft 18 in itself a complicated and difficult underteking. Msny of
the problems involved do not show up until it has been tried. There
is, therefore, considerable need for training of personnel in
sterilization of spacecraft and perhaps of spacecraft components and
for rehearsing the procedures that are to be used.
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Losts

/ Sterilization costs money, time, manpower, and develop-
M uﬁ‘% When these are short, sterilization is likely to be
or circumvented. marm mcmm&ily is the very

rupomibu for the m&M my object l‘tmmwﬁly m the grounds
that they bave enough headaches already. Their response is likely
mum;wwmtmmammwmm
amgmtmmmmummm There should

.%:as:;,,v TE EEAtL v ‘“\

ia, & prOpu mmmhotmm:mwmmm
WWWtmetht'mmmm‘
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| gtate~-of-the-Art

Many techniques have been proposed for sterilization

vhich are dependent upon the successful and timely completion of

" considersble research or advanced development. To be consistent .

with the philosophy of spacecraft design that has been successfully
used in the past, such methods should be rejected for all missions
alrud;y in the design or fabrication ata.g:a. Sterilization of spacecralt
alresdy in design or fabricstion should be carried out bymm

M effectivensss and compatibility with the planned mission are
alresdy vell established. If this is pot done, wmission completion
or sterility vill jrobably be serioudy jecpardized.

Discvgeron

As mentioned shove, xﬁgwmmutyhm




P

-2 -
needed for »;umr flights. For lumar landers amd or’uimrzs s the mass of
1iving matarw aboard should be held to about 10~ g,/mg,m. This
level sw%é be readily atteinsble with ordinary good techniques of

Wacewﬁ‘t preepamticn and sssembly.

?m:hﬁigﬁas for Venus Flybys and th

For Vemus, it was suggested above 'ckw%; the probability
wzmmwaﬁ&;cmmmzaummmamm¢
&mmm, for the present. This should generelly be sttainable
on flybys without sterilization. With an intended miss distance of
perhaps 30,000 kn, injectionstrajectory ecatter typically gives an
impect probability of about }.0'? for the spacecraft and the last

to 10

stage of the launch vehicle ( 4431). A midcourse maneuver, iatended
t0 reduce trasjectory scatter neer the target planet and so permit = |
more accurate location of scientific instruments, will generslly
reduce the chance of unintended entry.
This "don't hit!" technique was used for Mariner 2»‘ In
addition, since the allowable impact probability was set lower when
this flight was planned, a retro-maneuver was used for the last
" lsunch vehicle stage, and took place after this stage separated from
the spacecraft. |
It may/‘;eh.owum to use the "don't hit!" technique
for a Vemus orbiter. The difficulty would be that large velocity
changes sre required to trensfer a spacecraft from a Venus approach
tr&:eébOry to the desired orbit , and e guidance or propulsion
mealfunction during this transfer could easily put the spacecralt intc
the atmosphere. Mach care would be needed to keep the chance of this
occuring below 10-Y. The chance of unintentfonally schieving an orbit
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that would decay into the atmosphere within a few years would
also bave to be held down.

Techniques for Venus Ent

8ince the surface temperature of Venus is very high

(Rer.ﬁ) » & lander, intended to operate on the surface, would almost

certainly be designed to operate with high internal temperatures.
Heat sterilization of the lander prior to lsunch, or perhaps in space,
should therefore be a simple matter,

An entry capsule designed to return data from within
the atmosphere ”m not to Mve at the surface might not be so
beat~-resistant. It should not be too difficult, however, to devise
e sterilization procedure which vould hold to 10™* the probability
of comtamination and prevent release of terrestial microbes into the
upper stmosphere of Venus.

Techniques for Mars Flybys
For Mers missions, it was suggested above that the

Probability of introducing & viable organism to the planet should
be held to 10™*/flight. One Possibility is to sterilize the space-
oxraflt and M atasc of the Launchwehicle ; Gisadvantages of
atmnm have been pointed out. An alternate approach would be

L

to keep down the probability of entering the Planetary atmosphere.

For & Mars ﬂm with an intended mias distanca of pcx-hapo 20,000 km,

injection-trajectory acatf.er typically gives T probabiuty
of impact of about z,o (Rm 45), This is not low enough for Mars.
&dﬁm&mm&dg&n&mﬁymwm chance of unintended

entry. The probability of midcourse maneuver failure is, however,
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likely to be 3,0“3’ or higher {Ref. 30,4k ), iecaving the overall
probability of entry sbove 107>, o reduce further the probability
of m, the 1;:.1%1;19@ trajectory can be aimed further away from the
p&m, mﬁ umawru maneuvers used to reduce the miss distance to
Wt m‘lred for the mam For example, mz.as the injection
| tmmwaumpmby m,ammmmwmmer
' the impact provebility to10™'. Midcourse meneuvers could bring the
mmu&mm,mnmzm target. If any of these
mm failed to occur, the entry probability vould not be incressed. ,
Injection trajectory blasing would lover the probability of lsunch
‘wmlc entry, Just ss it lowers the probsbility of spacecratt entry.

!nchnigues for Mars Orbiters

As was indicated above ("Venus mbitem“), it seems
difficult to bold to 10°1 the probability of a malfunction thet would
put an intended orbiter into the planetary stmosphere. To hold the
probebility of such & malfunction to }.0")" appears beyond the state-ofe -
the-art. Accordingly, Mars orbiters should be sterilized, as outlined
for Mars entry spacecraft, below. If the chance of entry can be held
%o 10™2, then & probebility of 1073 could be allowed for & breach
in sterility, snd the overall probability of contamination still held
to0 10°%. his might allov a slight relaxation of the procedures
: rw.mm for miry craft.

Pechniques for Mars Eatry

Yor a Mars entry capsule or lander, which is intended w
"wm on Mars, the facwor of iﬁ'h‘ pecomes the parmissible likelihood
that a viable organism is sboard. The technique that would give the
lowest 1ikelihood of a visble organism remsining is to hoat the

entire capsule or lander, incluling its propulsion system, in & sealed
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eMr ; imar:arsg that all parts are held st 8 high enough Wmtzm
for a.u a&eqmﬁe time; say 135°C for 24 hr. Shorter times at higher
tmtma can l}.w be used. The inward lesk rate of the sealed
mxmmmmwm&mnwmmuwmmm
lov, &nd the mechanism for seperating lander from contsiner such -
tms the chance of of contaminated materials toucbim or remaining with
the lander during separation 1s lower than 107%. 1f any repairs or
manual adjustment were needed on the sterilized lander; s complete
resterilization should be carried out. o -

11'. is often asked vhether ateri},cm mlxlwt‘bc
added t0 a yrwimly sterilized lander using sterile assembly
techniques. m”nmw technique giving the best mm--mmw;‘ *

,ummeamagzmw Sterile parts, tools, and lander,
mla&i in internally sterile plastic bags, would be placed inside and
the box and bags sterilized with ethylene oxide (for, say, 17.hr) end
purged with sterile air or nitrogen before proceeding with glove
assembly. liquid sterilants would not be necessary. Additional tests
of the adequacy of the ethylene oxide treatment are peeded. To
eliminate air leaks 'm the box with the required degree of assurance,
very careful desigh; fabrication, and mnitoring would be required.
mwwpmmmmmd&ntommzy' |
sterilised by heat or radiation, or assembled by sterile g;,oée box
techniques from components and materials sterilized by these sanme
techniques or by internal chemical sporicides of still-to-be

estadblished effectiveness. All sterilization and sterile assembly would

Mwwmmmmm@rncmnxwmnwm
" Mhe cognizant assembly engineer could bave no access to his sterilized

¥
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equipment, components, or wmsiorials for testing,
aspembly; )
repair, modification,/or fabrication, except for sterile glove-box

operations under direct control of the sterility group. A rather
monitoring
elsborate system of sccounting for and / all sterile items would

be necessary. Even with all these precautions, it 16 not really
certain that glove-box assembly can provide as lov as 33:)“”;* probability
of ‘contamination ; the technigue can at best be considered & poor

second-choice to overall sterilization by heat.

The possibility of carrying out a sterile assembly

without & glove box by using liquid sterilants has been considered.

In en open room, surfaces would rapidly become contamirated and liquid
sterilants will not provide 10™* assurance of sterility.

‘ Sterile gases might be added to a lander through an
appropriste filtering or heating system. In principle, ligquids might
also be added in these ways or, if the liquids ere themselves of such
chemical nature as to be adequately sporiciénl, in simpler ways. If
dependence is placed on filtration of liquids)a series of filters would
have to be used to increase assurance of sterilization. Filters of
reasonable speed have marginal reliability for ettaining assurances
14 Wt as 1&’}‘ and' extreme precautions would have to be taken to
minimize the chence that several of the filters used in series are
defective. With either liquids or gases, plumbing connections to a
sterile lander should be made only to the nonsterile side of =
sterilization barrier (filter, beater, or pipe full of 5paricida§.

1iquid). A suitadle separation design would be needed to remove none

gteri.la parts of the plumbing from the spececraft without exposing the
latter to possible contamipation. This may imply "remote” separation,

with its additional complications, rather than "manual” seperation
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2. 70 acheve this probebility, either the lander should be sterilized

) ",f':mm, or sealing and separation mechanisme must be designed to

& ,"prwmynvmbigh&m of assurance that’ 1m¢u¢ule i
i}mmmemmmmmqu;" s
M&&mﬁmwwmﬂmmm ch
vehtale.

3. mum odm lander should, if st all possidle, bBe

permitted or mechanically possible tmum, except, vith emuu‘
| Testerflization by heat. A considersble amount of develop  vo
f'mmmmmmumumw
becomes feasible.

k. If eat stertlisetion of the cowplete laner is impossible, then,
. uammm&a&u,mw“ﬁmwhm
on 68 large & lander assesbly as possible, and sterile parts, e
including fluids, sdded by s glove box procedure using ethylene -



assembly, or fabrication, except for glove box operations under

5.

6.

T

direct control of a central sterility group, sealed in internally

 sterile containers, and retained at all times in the possission

v G,
o

oxide in the box. ALl packages, components, materials, {luids,

and tools used should have been previously sterilized under the

of the cemtral sterility group. Cognizant assembly ers
should not be allowed access to sterile packages, componenis,
materials,or fluids for testing, repair, adjustment, calibration,

direction control of the central sterility group. A rigid system
monitoring :
of accounting and / should be established and enforced.

A
considerable amount of work will be needed to establish the adequacy
of this procedure.

For Mars orbiters, sterilization should also be required. The
probability of a breach in sterility and the probablility af

unintentionally hitting the atmosphere, afhby a melfunction,
to 10

should be controlled so as to hold/the overall probability of

introducing a viable Earth orgaenism into the atmosphere of Marse.

For Mars and Venus flyby spacecraft, for Venus orbiters, and for
the last stages of launch vehicles, either sterilization should
be used, or trajectories should be controlled to ensure not over

10™* probability of hitting Mars and 10”1 probsbility of hitting

Venus. For Venus entry craft, sterilization should continue to
be required until further data are obiained.

For lunar missions, sterilization does not seem essential.

_Cleanliness procedures should be used to assure that no more than
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0.0 g/flight of living matter is depositcd on the Moon.
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